Nucleosome positioning at genetic regulatory sequences is not well understood. The transcriptional enhancer of the mouse serum albumin gene is active in liver, where regulatory factors occupy their target sites on three nucleosome-like particles designated N1, N2, and N3. The winged helix transcription factor HNF3 binds to two sites near the center of the N1 particle. We created dinucleosome templates using the albumin enhancer sequence and found that site-specific binding of HNF3 protein resulted in nucleosome positioning in vitro similar to that seen in liver nuclei. Thus, binding of a transcription factor can position an underlying nucleosome core.
The basic unit of chromatin is the nucleosome core particle, which consists of DNA wrapped nearly twice around an octamer of the four core histone proteins. Recent studies have revealed nucleosomes to be structurally dynamic and integral to transcriptional regulation (Felsenfeld 1992) . For example, nucleosomes become positioned at certain yeast promoters when they are silent, with the octamers occluding basal transcription components from the DNA (Han et al. 1988; Shimizu et al. 1991) . In other cases, positioned nucleosomes juxtapose transcription factor binding sites in linker DNA on either side of the particles, thereby stimulating transcriptional activity (Lu et al. 1993; Jackson and Benyajati 1993; Schild et al. 1993; Verdin et al. 1993) . At the serum albumin gene in mouse, the N1, N2, and N3 nucleosomes are positioned over the transcriptional enhancer only in the liver, when the enhancer is active, and factor binding sites map to the particles themselves, not linker DNA (McPherson et al. 1993; Zaret 1995) . Recent studies of the mouse mammary tumor virus (MMTV) and human immunodeficiency virus (HIV) promoters have revealed nucleosomes positioned over essential transcription factor-binding sites in both the active and silent states (Fragoso et al. 1995; Truss et al. 1995; Verdin et al. 1993; Steger and Workman 1997) . Given the presence of positioned nucleosomes in diverse regulatory contexts, we have investigated how particles become positioned during gene regulation.
For some genes, the DNA sequence itself positions a nucleosome core (Rhodes 1985; Perlmann and Wrange 1988; Hayes et al. 1990; Piñ a et al. 1990; Archer et al. 1991) . Alternatively, regulatory DNA sequences may not be disposed to position nucleosomes (McPherson et al. 1996) , and bound factors may either serve as a boundary against which a nucleosome can reside (Fedor et al. 1988; Pazin et al. 1997) or actively position nucleosomes nearby (Roth et al. 1992) . No positioning mechanism has yet been described for a protein that binds to DNA on nucleosomes, yet many factors are capable of binding nucleosomal DNA, albeit with lower efficiency than free DNA (see Adams and Workman 1995) .
Two specific binding sites for the transcription factor HNF3, designated eG and eH, occur near the middle of the positioned N1 particle at the albumin enhancer in liver nuclei (McPherson et al. 1993) . HNF3 binding to both of the sites is required for enhancer activity (Liu et al. 1991; , and in vivo footprinting of endodermal tissue from mouse embryos has shown that the eG site is occupied before the albumin gene is activated in development (Gualdi et al. 1996) . Thus, HNF3 acts at one of the earliest steps in gene activation.
The isoforms HNF3␣, HNF3␤, and HNF3␥, and their homolog in Drosophila, fork head, activate many genes during gut development in mammals and flies (Weigel et al. 1989; Lai et al. 1991) , and together constitute a subgroup of winged-helix factors that regulate genes in many different developmental contexts (Kaufmann and Knochel 1996) . The winged helix DNA-binding motif contains tertiary structure similar to the globular domain of linker histone (Clark et al. 1993; Ramakrishnan et al. 1993) , and because linker histones can bind and compact chromatin (reviewed by Zlatanova and van Holde 1996) , transcription factors containing the winged helix domain may also possess special nucleosome binding properties. When a plasmid bearing the albumin enhancer is assembled into polynucleosomes using a Drosophila embryo extract, a nucleosome is positioned over the eG and eH sites of the enhancer (McPherson et al. 1993) . The Drosophila embryo extract has an HNF3/fork head-like binding activity, and mutation of the eG HNF3-binding site disrupted nucleosome positioning over the enhancer (McPherson et al. 1993) . These studies revealed that winged helix factor binding helps position a nucleosome at the serum albumin gene enhancer. However, they did not address whether HNF3 binding alone is sufficient for nucleosome positioning or whether a complex with other proteins is critical.
In the present study, we investigated whether HNF3 binding to specific sites in a multinucleosome array is sufficient to position a nucleosome. The results reveal a new mechanism for nucleosome positioning and a direct role for winged helix transcription factors in organizing chromatin.
Results

Dinucleosomes of albumin enhancer DNA are randomly positioned in vitro
To investigate the ability of purified HNF3 to affect nucleosome positioning, we created dinucleosomes in vitro with a 428-bp template that spanned both the N1 and N2 nucleosome-like particles observed on the albumin enhancer in liver nuclei (McPherson et al. 1993) (Fig.  1A) . We also created dinucleosomes that had point mutations at the two HNF3-binding sites eG and eH; the sites are essential for enhancer activity in transfected cells (Liu et al. 1991; ). On wild-type and eG − /eH − mutant templates, two histone octamers would span a total of ∼290 bp, leaving ∼140 bp for different nucleosome positions. The 180-bp sequence of the N1 particle in liver nuclei does not position nucleosomes in vitro (McPherson et al. 1996) , so we anticipated that the larger amount of free DNA on 428-bp dinucleosome templates would allow us to assess the ability of HNF3 to position nucleosomes.
Dinucleosomes were assembled with purified core histones and labeled DNA and then purified from mononucleosomes and free DNA on glycerol gradients. PhosphorImager quantitation showed that the pooled dinucleosome fractions contained 93%-95% dinucleosomes (Fig. 1B) . To assess the integrity of the pooled fractions, they were treated with micrococcal nuclease (MNase), and DNA was isolated and examined by native gel electrophoresis (Fig. 1C) . MNase makes doublestranded cuts in linker DNA and should give rise to a ∼146-bp digestion intermediate attributable to protection by the histones. As expected, when the mononucleosomes were treated with MNase, it resulted in a ∼146-bp digestion product, whereas the free DNA was uniformly digested (Fig. 1C, lanes 2-13) . In contrast, the dinucleosomes were far more resistant to MNase and yielded products of ∼140 and 290 bp, with a variety of digestion intermediates (Fig. 1C, lanes 16-19) . Given the potential range of linker sizes of up to 140 bp on the 428-bp dinucleosome templates, the digestion products suggest that nucleosomes are randomly positioned. In contrast, nucleosomes that are regularly spaced in a population, with uniform linker lengths, will give rise to a ''ladder'' of digestion products that are multiples of the unit repeat length. When the albumin enhancer dinucleosomes were further digested with MNase, products of ∼146 bp began to accumulate, as expected (Fig. 1C, lanes 20, 21) . We also visualized the dinucleosomes under the electron microscope (Fig. 1D ). Over 85% of the 179 complexes seen were dinucleosomal, with the remainder mononucleosomal. Various linker lengths and nucleosome positions were observed (Fig. 1D ). We infer that the dinucleosome fractions exhibit expected structural properties and that the albumin enhancer DNA sequence does not intrinsically position nucleosomes.
HNF3␣ binds its target sites on dinucleosome templates
We used a DNase I footprinting assay to assess whether purified HNF3 protein could bind its sites on the albumin enhancer dinucleosomes. With free DNA at a 4 nM concentration, a 16 ± 8 nM concentration of HNF3 gave ∼70% saturation of the eG site, whereas 24 ± 10 nM HNF3 was required to 70% saturate the eH site (average ±S.D. of four experiments with different template preparations; see Fig. 2A , lanes 2-5). The slightly higher affinity of HNF3 for the eG site on free DNA was observed in previous footprint titration studies, with the template concentration below the dissociation constant, as was DNase I hypersensitivity within the HNF3 footprints (Zaret and Stevens 1995) . The nucleosome concentrations used in all experiments herein, 2 ng/µl, is within that required for nucleosome stability in vitro (Godde and Wolffe 1995) . With a 4 nM concentration of dinucleosomes, 30 nM of HNF3 resulted in simultaneous occupancy of both the eG and eH sites and DNase hypersensitivity, but at both sites the footprints were smaller than that observed on free DNA ( Fig. 2A, lanes 10,11) . Thus, HNF3 binds the eG and eH sites on the dinucleosomes with an affinity that is altered from that for the sites on free DNA and with a qualitatively different footprint. These effects would not be predicted if HNF3 bound to eG and eH sites that might be exposed in randomly positioned linker DNA between two nucleosome particles, or if HNF3 binding destabilized the nucleosomes so that the protein bound to free DNA. Binding experiments with templates containing clustered point mutations of the eG and eH HNF3 sites failed to reveal DNase I footprints (Fig. 2B) . We conclude that HNF3 binds the eG and eH sites on nucleosomes with an affinity that is altered from its relative affinity for the sites on free DNA and with an approximately fivefold lower affinity for nucleosomal versus free DNA.
We also observed DNase I protections on the dinucleosomes in the vicinity of the eX site, which binds HNF3 at very high concentrations on free DNA (Fig. 2A , cf. lanes 7 and 12), as well as DNase hypersensitivity at a site upstream of the eF footprint ( Fig. 2A , arrowhead beside lane 12), where HNF3 binds selectively to mononucleosome core particles (Cirillo et al. 1998 ); both of these sites occur within the region of the N1-positioned particle seen in liver nuclei. No clear HNF3 footprints were observed in the far upstream region of the template, which spans the N2 particle in liver nuclei.
HNF3 positions a nucleosome underlying its binding site
Given the ability of HNF3 to bind its target sites on the dinucleosomes and the random positioning of the particles, we could address whether or not HNF3 influences nucleosome positioning. We previously developed a modification of the ligation-mediated PCR (LM-PCR) procedure, which selectively detects double-stranded MNase cleavages at the 3Ј half of the enhancer fragment, which span the HNF3 sites, were mapped with a set of primers that display sequences from enhancer positions 515-677 (Fig. 3, A, left, and D) . In the absence of HNF3, the dinucleosomes exhibited a cleavage pattern that resembled free DNA (Fig. 3 , A cf. lane 2, and B, lanes 1 and 2), providing clear evidence that nucleosomes were randomly distributed along the DNA. We used relatively low amounts of MNase in these assays (see Fig. 1C , lane 17); higher levels led to the mono-and dinucleosomesized products seen in Figure 1C . Adding HNF3 to free wild-type DNA caused regions of enhanced MNase 
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from cleavages within the eG and eH sites (Fig. 3A, lanes 3,4,  arrowheads) . Strikingly, we reproducibly observed the opposite effect on the dinucleosome templates; that is, a large region of protection from MNase occurred as HNF3 was added (Fig. 3B , lanes 3-5; large oval at right). The protected region extended from the priming site to about enhancer position 636, 41 bp before the end of the fragment. Addition of HNF3 to the wild-type dinucleosome templates did not elicit MNase hypersensitivity within the HNF3 footprints (Fig. 3B) , as it did with free DNA, demonstrating that the majority of the signal was not due to HNF3 binding to free DNA, which conceivably could be generated by factor binding. Importantly, no general protection from MNase was observed when HNF3 was added to the dinucleosomes with the eG − /eH − site mutations (Fig. 3C) , demonstrating that site-specific binding by HNF3 is necessary. The apparent 3Ј boundary of MNase cleavages on the wild-type dinucleosomes with bound HNF3 corresponds closely to the 3Ј boundary of the albumin enhancer N1 particle seen in mouse liver chromatin, at position 642 (McPherson et al. 1993 ).
To map upstream MNase cleavages, we used LM-PCR primers that displayed enhancer positions 550-250 (Fig.  4, A, left, and D) . Cleavages on dinucleosomes without HNF3 appeared similar to those on the free DNA, indicating random nucleosome positioning (Fig. 4 , A, lane 3, and B, lanes 1 and 2). Adding HNF3 to free DNA led to several regions of MNase hypersensitivity, including those within the eG site and elsewhere (Fig. 4A, lane 4,  arrowhead) . However, on the wild-type dinucleosomes, but not the eG − /eH − dinucleosomes, addition of HNF3 led to generalized protection up to enhancer position 468 (Fig. 4B , lanes 3-5; bottom oval at right). The latter position corresponds well to the position of the 5Ј boundary of the N1 particle in liver chromatin, at nucleotide 466 (McPherson et al. 1993) . Again, the lack of MNase hypersensitivity within the eG site on the dinucleosome particles with HNF3 bound indicates that the protection pattern is not due to HNF3 binding a putative free DNA subpopulation of templates. In conclusion, specific binding of HNF3 to its target sites causes the positioning of an underlying nucleosome at sequences closely approximating those seen at the albumin enhancer in mouse liver nuclei.
Positioning of a nucleosome array
Remarkably, when HNF3 was added to wild-type dinucleosomes, but not the eG − /eH − mutant templates, a second large region of protection was observed extending from about enhancer position 269 to 432 (Fig. 4B , lanes 3-5; top oval at right). The protected area corresponds closely to the region protected by the N2 albumin enhancer particle in liver nuclei, from position 274 to 432 (McPherson et al. 1993) . Individual sites of protections and enhancements occurred in the apparent linker DNA between the particles on wild-type dinucleosomes (Fig.  4B, dots at right) . We conclude that when HNF3 positions a nucleosome core underlying its binding sites in vitro, it causes the positioning of an adjacent core particle. The positions of both particles are strikingly similar to those observed when HNF3 is bound to enhancer chromatin in vivo.
Discussion
Our previous studies established a correlation between the presence of the transcription factor HNF3 at the eG and eH sites of the albumin enhancer, as detected by in vivo footprinting, and the presence of a positioned nucleosome-like particle underlying the HNF3 sites in liver nuclei (McPherson et al. 1993) . In transfected cells, the two HNF3 sites are essential for transcriptional stimulation by the enhancer (Liu et al. 1991; . In the present study, we discovered that HNF3 binding to its enhancer sites is both necessary and sufficient to position an underlying nucleosome core in vitro. Therefore, we suggest that a function of the winged helix factor HNF3 is to help organize the chromatin of particular target genes. Considering that HNF3 regulates nearly all known genes expressed in endoderm-derived tissues (Costa 1994) and that >80 other winged helix regulatory factors have been identified (Kaufmann and Knochel 1996) , most of which play developmental roles in controlling gene expression, the nucleosome positioning properties of HNF3 may be representative of a generally important mechanism for chromatin remodeling (Zaret 1995) .
By various criteria, including DNase I and MNase assays and electron microscopy, nucleosomes are randomly positioned on albumin enhancer DNA in the absence of HNF3. The lack of intrinsic nucleosome positioning properties of the enhancer DNA, both in vitro (McPherson et al. 1996 ; this study) and in nonliver tissues in vivo (McPherson et al. 1993) , may allow the enhancer to be sensitive to the nucleosome positioning effects of HNF3.
Regarding the mechanism of positioning, note that HNF3 bends DNA slightly toward the protein (Clark et al. 1993; Pierrou et al. 1994) . If HNF3 bound the side of DNA as it curves around the core histones, or inside the gyre, as has been proposed recently for winged helix linker histones (Pruss et al. 1996) , then HNF3 binding might help DNA bend around the histone octamer and thereby stabilize the position of the core particle. More generally, the combination of HNF3, core histones, and DNA sequence may stabilize a DNA distortion that favors wrapping of the DNA around the histone octamer.
The winged helix DNA-binding motif occurs both in HNF3-related transcription factors and in linker histones (Clark et al. 1993; Ramakrishnan et al. 1993) . DNase I footprinting studies of mixed-sequence dinucleosomes showed that linker histones can protect DNA near the dyad axis (Staynov and Crane-Robinson 1988) , where the HNF3 binding sites occur on the albumin enhancer-positioned particles. However, recent studies of mononucleosomes of the Xenopus 5S rRNA gene indicate that linker histones can bind to the edge of the particle (Pruss et al. 1996) , and in a study of HNF3 binding to mononucleosomes of the albumin enhancer N1 sequence, we found a third HNF3 binding site at the edge of the particle (Cirillo et al. 1998) . We observed binding of HNF3 to this site on dinucleosome templates, as seen by DNase hypersensitivity in Figure 2A and by other experiments where clear footprints were evident (data not shown). The functional role of HNF3 binding to sites other than eG and eH remains to be explored. It is clear, though, that specific binding of HNF3 to its previously characterized target sites on the enhancer dinucleosomes is essential for nucleosome positioning and that the resulting particles are positioned with the HNF3 sites in the vicinity of the dyad axis.
Partial MNase digestion revealed an ∼168-bp region of protection spanning the albumin enhancer HNF3 sites, a size greater than that expected for a nucleosome core particle. Careful MNase mapping studies of the MMTV promoter in vivo has shown that what appears to be a positioned nucleosome in a population of templates actually may be a family of similarly but not identically positioned particles in the population (Fragoso et al. 1995) . We attribute the apparently large size of the HNF3-bound particles to a bias of MNase for DNA sequence at the low enzyme concentration used for mapping, as well as to the possibility that the 168-bp region may span a family of different but closely related nucleosome positions. Regardless of the exact boundaries of particles bound by HNF3, a nucleosome becomes positioned within the region that is spanned by the albumin enhancer N1 particle in liver nuclei. Thus, the nucleosome position caused by HNF3 binding in vitro closely reconstitutes that observed when HNF3 is bound to the albumin enhancer in vivo.
Understanding how nucleosomes become positioned at eukaryotic gene regulatory elements provides insight into the ways that changes in chromatin structure can be regulated during gene control. The discovery that a member of a large class of transcription factors can directly control nucleosome position indicates that such chromatin changes are likely to be integral to the developmental control of many downstream genes. Future studies will be directed toward understanding the regulatory role of positioning and the specific factor-nucleosome interactions that are necessary for positioning to occur.
Materials and methods
Preparation of dinucleosome substrates and mouse HNF3␣
End-labeled DNA fragments were created by PCR using oligonucleotides phosphorylated with [␥-32 P]ATP. Internally labeled DNAs were generated by [␣- 32 P]dATP and [␣-32 P]dCTP in PCRs. Primers for preparative DNA synthesis were GGCAACCCACACATCCTTAGGCAT (top) and CATACTAAACGTAGACAAGTTGGCC (bottom). Either the wild-type enhancer or one with eG and eH HNF3 site mutations was used as template (Cirillo et al. 1998) . After PCR, labeled DNAs were gel-purified and specific activities determined by OD 260 and scintillation counting. Twenty micrograms of purified PCR product and 16 µg of core histones were assembled into nucleosome cores by gradient dialysis against salt and urea as described (McPherson et al. 1996) , except with HEPES buffer (pH 7.4) instead of Tris. Dinucleosomes were purified from mononucleosome core particles and free DNA by centrifugation in 16%-18% glycerol gradients (5 ml) in a buffer containing 50 mM HEPES-NaOH (pH 7.4), 1 mM EDTA, and 0.03 mg/ml of BSA. After centrifugation at 35,000 rpm in a SW50.1 rotor for 18 hr at 4°C, 150-µl gradient fractions were collected. Aliquots were electrophoresed on 0.7% agarose gels in 0.5× TBE at 4°C, and fractions containing dinucleosomes were pooled and dialyzed against a solution of 10 mM HEPES (pH 7.4), 10 mM NaCl, and 1 mM 2-mercaptoethanol. After dialysis, samples were concentrated with Centricon 10 filters at 5000 rpm in an SS34 rotor until nucleosomes were at 15 ng/µl or greater, and then were stored in siliconized tubes at 4°C. Electron microscopic analysis was performed on dinucleosome samples that were fixed in 0.1% glutaraldehyde, adsorbed to glow-discharged carbon films, and stained with ethanolic phosphotungstic acid (Bednar et al. 1995) . Mouse HNF3␣ protein with a 6-histidine amino-terminal tag was purified from E. coli as described (Zaret and Stevens 1995; Cirillo et al. 1998) . The molecular weight of the recombinant HNF3␣ was 54,500.
Binding reactions and enzymatic assays HNF3-binding reactions were carried out in 20-µl volumes containing 4 nM (2 ng/ml) of free DNA or dinucleosomes. Purified HNF3 was diluted in 20 mM HEPES (pH 6.5), 5 mM dithiothreiotol, 1 mM MgCl 2 , 400 mM KCl, 20% glycerol, 0.1% NP-40, and 0.25 mg/ml of BSA. HNF3 was incubated with the substrates in 10 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 5 mM DTT, 40 mM KCl, 0.5% glycerol, 0.35 mg/ml of BSA, and 1% Ficoll, and the reactions were incubated at 23°C-25°C for 30 min. DNase I concentrations of 0.05 and 0.175 µg/ml were used with end-labeled free DNA and dinucleosomes, respectively, as described (McPherson et al. 1996) . Autoradiographs of footprinting gels were scanned, footprinted regions were quantitated by densitometry, and data points from 10% to 90% saturation were plotted to determine the 70% saturation value. For MNase analysis, 20-µl binding reactions were adjusted to 0.5 mM CaCl 2 , treated with 1 µl of MNase, the latter diluted in 5 mM Tris-HCl (pH 7.5), 25 µM CaCl 2 to final concentrations of 0.015-0.1 U/ml of MNase. Reactions were incubated at 23°C-25°C and stopped with EGTA to 5 mM. Portions of the recovered DNAs were kinased with [␥-
Analysis of nucleosome boundaries by LM-PCR
Double-stranded MNase cleavages in HNF3 binding reactions were mapped by LM-PCR as described (McPherson et al. 1993) . Briefly, 66 pg of DNA from each MNase reaction was kinased with ATP, subjected to ligation with a double-stranded linker, and analyzed by PCR and labeling reaction steps. The albumin enhancer positions and sequence of oligonucleotide used are enhancer top strand (Fig. 3) , T1, (485) TGT-GTCTCCTGCTCTG (500); T2, (500) GTCAGCAGGGCACTGT (515); bottom strand (Fig. 4) , B1 (632) CAGAGGACTGTATTGA (617); B2 (599) CTGCATGTACATGGAAAACTGGCCAA (574). DNA size markers were Guanosine cleavage ladder generated by conventional LM-PCR of the albumin enhancer treated with DMS.
